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A mt2D BWE -INQ - ALUMINUM TO

SUlhll+o - .

~ W. T. Hess and E. 3’.I?ippes,Jr.

This investigation involves a study of a large variety of
different metals used as an intermediate metal between aluminum
and steel for the purpose of sQcuring a good bond both from the
viewpoint of strength and thermal conductivity.

The principal result of thle investigation was that it was
found possible to secure a satisfactorybond between aluminum and
tateelby electroplating the Btoel with a l~er of eilver of proper
thickneae. The welding eqpipment was then used to make a proper
bond between the alumlnum and the silver plating. In order to
effect this bond it wae found desirable to raecurea heat balance
by means of a high resistance Insert between the electrode and
the aluminum. A very important part of the problem which wae
properly aolvedby the method #ust mentioned was the effect of
the welding operation upon the propertied of the deel. The eteel
ueed in aircraft cylinder barre16, being of a vezy hardenable
variety, would be damaged severely in ittapmsical properties if
it were necessary to make the bond between the aluminum and the
eteel at a temperature above the austenltizlng teqerature of the
fiteel.

Another Important put of the investigation Includes the
etudy of the best poesible electroplating techni~ for securing
bonds of maximumstrength between the plated metal and the steel.
Electroplating procedures were very card?ull.yatudied and optimum
conditions developed for the plating of bonds of mxd.mum strength
upn steel. The reeultlaof this phaee of the investigation q
be of value in other problems. It ehould aleo bepolnted out that
the method of joining aluminum to steel herein developed, ehould
be of importance to the solution of ~problem involving the weltk
ing of aluminum to steel where etrength ie the primary consideration,
whether or not thermal conductivi~ is iqortant.
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The possibility of increasing the horsepower oulput of
aircraft engines ~ improving the cylinder cooling, haB raiaed
the problem of welding fins of material of high thermal con-
ductivi& to steel cylinders for aircraft engine~. The specific
problem herein studied tivolves the welding of half-hard 3S
aluminumfins to SAX 4140steel cylinders.

The problem involved in this inveati~tion involves not only
the bonding of aluminum to steel but aleo the problem of making
this bond at a temperature sufficiently low to avoid damage to
the heat-treated steel. The natural tendency of aluminum and
steel IB to form vezy brittle compounds when fused together. If,
during the making of the bond between e3uminum - SAX!4140 steel,
the temperature goes above the austenitizing temperature of the
steel, the rapid quen~ following the welding operation will result
in extremely hard and brittle structures in the M 4140 steel.
Thus, the problem was complicated by two sources of embrittlemont,
the formation of iron-aluminum compounds and the formation of a
martensitic structure in the steel.

EarIy eqeriments by othor investigators and confirmed in
this laboratory, showed that the seam welding of aluminum fins
directly to ME 4140 steel cylinder barrels was unsuccessful
b~ause of the difficulties mentioned abovo.

In order to ovorcome the difficulty of welding aluminum
directly to steel, the Idea of ueing a third metal between the
aluminum and steel was investigated. It was hoped that a third
metal would be found which would alloy sufficiently with steel
and aluminum to pezmit the production of a strong bond between
them but would prevent the combination directly of aluminum and
steel which would result in the formation of brittle compounds.
Ina recent grou. of experiments (reference 1) the Insertion of
a third metal in the form of a foil between the aluminum and the
stool was tried in the effort to prevent the formation of objec-
tionable iron+iluminum compounds. It wns found that with certain
metals such as silver, mora ductilo welds were obtaiced, but that
the conditions for obtaining such a bond were very critical, owing
to the difficulty of simultanoouely welding aluminum to foil and
foil to steel. In ordor to ovorcome this difficulty, it appenrod
necessary to completow absorb tho foil in tho aluminum. TO
accoqlieh this it was necessary to heat the aluminum above its
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melting point
~m’oidmelting

for 00 long a time that it Waa almost impo8Billloto
the aluminum through to the outside surfaoo. This

“roeult pointod to the““necossltyfor ueing thinner sad thinner foil,
whioh became dlffhult to handle.

Tho diffloulty of bonding aluminum to foil - simultaneously,
foil to steel, indiaatod the doeirability of obta5ning one of the
bonds outSMO of the welding machiptI. Since some companies wore
already maldng aluminum coatod steel, it waB decided to try wol+
ing aluminum fins to aluminum coated mtecl. It proved to be a
simple matter to weld the aluminum fln material to tho EQumin.um
coated eteol. Howevor, the strength of the bond botwoon tho aoat-
ing and the steel wag so low that the fin material pulled tho coat-
1~ aw~ from the steel in a brittlo manner. & a result of tho
exporioncos described above, it was decided to undortako tho present
investigationbased on tho mporience ~inod in the previous tests,
nemly that a third metal is noceesary for tho proper bonding of
aluminum to steel, and to hako use of ,oloctroplatingas a method
of bonding the third metal to tho stool surfaoe in preparation
for subsoquont welding of the aluminum fins to this surfaoe.

For tho sako of simplicity this investigationwas divided
into thmc parts. The first of those was the gonoral problom of
bonding aluminum to steel throu@ tho uso of an intormodiato
oloctro-depositodmetal. Iho next part of tho problom.involvod
tho study of the possibility of making a bond at a tomperaturo
below tho austonitizing t~oraturo of tho cylinder barrel stool.
If this woro possiblo, tho bonding procese could bo accorupliehod
without metallurgical damage to tho steel. l%o third phaso of
tho problem was considorod to bo tho dovolopmont of a laboratory
eotup by whkh an actual cylhdor barrel could bo covorod with
fins bondod in a,ccortioe with tho principles and practices
dovoloped in this Investigation.

Tho report has boon divided in two sections? tho first
disoussi~ tho bonding of aluinum to etool, and tho SOOOndB tho
wol~ng of aluminum to chrom~nmlybdenum stool whioh includes
both tho avoidanco of hardening and tho seam welding probloms.

~is investigation, conductod at tho Eonssolaor Polytochnh
Institute, was sponsorod by, and conduotod with financial aasisb
anoo from, the National Advisory llommitteofor Aoronauticse

.
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ANAIYSIS ABD DISCUSSION (3I’PMX6LEM——

1. BOEDIIW3(IFALUMINUM TO S-

Metallurgical Considerations

Interferonco of the oxido. - Duo to its high heat of oxide
formation, aluminum oxldo is al~s prosont to a groator or loss
thichoss on tho surface of almimm. !l!hisoxido would tend to
provont tho alloying action of aluminum with iron and would pro-
duco oxide inclusions in the weld. If the steel wero hoatod in
air to tho melting tmporature of alumtium, tho surface of the
stool would become oxidized. This oxido would cling to tho stool
and would be difficult to flux and float off as tho stool would
remain solid during the welding operation. ~iS oxido would thus
provant conrpletoand satisfactory alloying and as a result a bond
which has low strength and low thermal conductivity would bo prc-
ducod. In ordor to provent oxide formation on tho stool, a procoss
such as seam or spot welding must be used. A procoss such as this,
hcwovor, demands materials of consistent electrical surfaco contact
resistamco, nnd thus the naturo and thiclmoss of the alumin-oxido
film must be carefully controlled.

Tho nature of the all~ - If tho OXidO
on tho surfaco of t~aluminum Is a,doquatolyabsorb~d in the melton
maso of aluminum during the welding operation, aluminum will alloy
with tho surfaco layers of the solid iron. owing to tho fact that
tho diffusion of aluminum into solid iron is rolativcl.yslow com-
pared with the diffusion of iron into molten aluminum, a largo
amunt of high aluminum, low iron alloy will bo fomnod compwod
to tho amount of low sluminumr high iron alloy. According to tho
iron-aluminum equilibrium tiagrem (SOO fig. 1, also roforenco 2),
this will result in a large amount of compound formation as tho
high eluminum, lov iron alloys contain the compounds Y@,
FcAla, and Fo#3. Sinco thoso co~ounds aro brittlo in c-
actor~ the reculthg wclttscm llkely to be brittle. Actual.
tensile tost~ of the welds, howover, is the only practica.1w~
of evaluating this brittleness. As only small amounts of aluminum
diffuse into the steel and since tho aluminum is solublo in the
alpha solid solutionup to 3fiercent aluminum, there is likely
to be little danger of brittle elloy formation in this region dur-
ing the welding operation. Hcwevor, when the cylinder is placed
in oporation, the ordered lattico I&&L, may form. The effect

of this formation would be to strengthen tho metal and decrease
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its ductility, but as far as this influence ie conoerned, it wI1l
be negligible conp-=ed with the effect of the brittle phaee forma------.
tiona occurring in the high alumliuim-alloys. -- ‘“- -

~o need for 8 third metal. - As the difficul~ with brittle-
ness occurs in the ehmimnm-steel welds, the introduction of a third
metal between the iron and.aluminum ~ be utilized to eliminate
this difficulty. Various typoe of alloy ~ be tri& The~o typoe
~ be classified as mutually eolublo in iron and aluminum, eolublo
in either iron.or alumlnum, and tisolublo in iron and aluminum.
The volubility of two component alloys mqr be detcrminod fzwm tho
binary diagrams appearing In Hansen (roforonco 2), while tho to-
nary elloye on the wholo ham not been investigated but ~ bo
estimated by considering tho bi~ alloy diagrams. Aa eolubili~
ie Influenced,~ temperature and phaee changes and sinco tho
volubility at Iihcwoldlng tcnpraturo, that is, the molting point
of aluminum Is of gmatoet intoretat,tho third metal will bo clasd-
fiod as to its volubility In tho range of 1200° ~ as well as at
room tomporaturo.

~. - No third aotal shows completo volubility in both iron
and aluminum but tin is one of the closost approaches to this sit-
uation. Although tin and aluminum are completow ineclublo in
each other at mom temporcaturo,they aro mutually solublo in tho
nolton etatot that isa at 1200° T. About l>porccnt tin Is solublo
in alpha iron at 1200 F. This moans that tin cm tiffueo into tho
iron and a good bonding action can bo oqocted without any dot-
rimontal offocte bolng produced. About 2-porcont Iron is flolublo
In tin at 1200° I’whilo the structure from.> to Q=porcont iron
consists of melton tin solution and solid Fo*a. This moans that
when Homo of tho iron diffueee into the melton tin and roaches tho
saturation limit, .FoSna will form at tho iron-aluminum Intmfaco.
This action till,effoctivoly prevent further iron dl.ffisioninto .
tho melton tin but ~ produce a brittle weld. As the tin l~er
botwoan the iron and aluminum IS likely to bo very thin, the iron
end aluminum will both dissolve in the molten tin and will como in
contact with each othor. Thie may load to the formation of an
ircn-eluminum compound and thus a brittle weld. However, if the
thickness of tho tin Ie eufficiont and the diffusion rates elow
oncughD this action will not oocur.

~x. - Zinc is similar to tin in - reepocts and, in
gcnoral, the diagrams show about tho eamo structural foatures.
Zinc forms two oompounds with iron. Both of theso compounds aro
lmcwn to bo brittlo and thus a brittlo weld would bo goctod.

— . . .. —
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While both tin
th~ both tend

and zino are mutually solublo in iron and aluminum,
to form brittle cosgynzndeand as a result the brit-

tleness of a weld may be tie to the formation of thoso omqpoumds
rather than the fohmation of an km-aluminum oomyound in the
mass of the tin or zino. In view of this faot, a mutually solublo
metal which is free from conpxmd formation should ho tried, but
nono exist and thus tin and zinc are t~ical posslbilitios.

SUUZO - Sil- IS m?.~ of ~lOYS *i* =0 solublo in
aluminumbut not in iron, as is shown in tho constitutional dia-
grams. (Soe figs. 2 and ~.) At 1200° F silver is cmplotaly
insolublo in it’onand I’icevmsa. AIKIoat this tomporaturo,
almninun and silver alloys from 20- to 100-porcont aluminum aro
in the rolton state and oomplotoly solublo. On docro?,si.ngtho
aluminum content below 20 porcont, tho moltirg point of tho alloys
rspidly risoa until tho melting point of silver at 1761° 1?is
roachod. On tiding theso alloys, no alloying action would occur
botwcon tho iron and sllvor, but the aluuinum would be oxpoctod
gradually to wash and diffuse silver into t~o molten aluninum. As
the pure silver will remain solid dxring tho welding, only small
amounts of aluminum will be able to dissolve Into tho silver sinco
the dlff%aion rato through a solid st~.teis oxtromely slow. As
a not rf3sult,if the welding tino is oxtromoly short and tho i3ilvor
l~er roasonab~ thiekz the rlunhum u411 not conplotdy dissolve
the silver film nor roach the iron interface &md.‘hua thero is no
danger of the formation of a brittle iron-alumlr.umphnso. This
silver bond should have oxoollont thornal conductivity sinco
silver is a goo~ thornal conductor. Tho strength of tho bond
doponds ontlroly upon tho bond bot:~oonthe iron and nilvor. As
tho bonding stro@h botwoon two grains ~f tho scno phaoo and
grains of difforont phasoe has not boon definitely ostablishod,
tho bond ~ bo very strong and if so, this chould ho a very
satisfactory method of bonding stool to aluminum.

Q2E2Q3 - Coppor also lies in this same claso with silver,
altho@ thoro is sono volubility of iron in coppor and vico versa.
The rango of volubility of coppor in aluminum is moro limited,
aluiiinumand oopper alloys at 1200° ~ aro solublo in tho liquid
state fron @ to 100-peroent aluminun. On decreasing the alu-
minum oontont below 40 percent, tho nclting point of tho alloys
inoroasos until tho molting point of c~or is reaohod at lggl” 3’.
Onwolding tlnosoalloys, as with silver, no alloying action would
occur between tho iron and the oomuor but tho nolton aluninun...
would dissolvo tho COp~Or gradud~, Sinoe tho ooppor remains
solid during welding, tho formation of brittlo iron-aluminum cow
pounds is avoidod as was oqlained in tho caso of silver. Howovor,
formation of tho brittlo theta phase (k& is likd.y to @VO

brittlo welds.
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Mid5QL - Although niokel and iron form either
oentorodsolidsolutions at 1200° F, Einoo tho

the faoe or
niokol remains

tiolidduring “thO WOldi~g ~ta CaSO iS +Jimihm .tOthat Of CIO~OrC
Hiokel, howevor,is soluble An tho liquid state only from 9k to
100-peroont aluminum at 1200° ~. As with coppor, brittlo phaso
formations ero likely to omur in the nhkokaluminum allqns. .

Ohronium.M Ohromium at 1200°.~ forps a contkazous solid -
solution with iron, tiilo it is praotioally insolublo with alu- .
mlnun. Howovor, in tho rango from .- to 99.6-peroont aluminum,
two phases, molt “and A17Cr exist abovo1222° P. Hero’@n, ~ ~
tho formation of brittlo Iron-aluminumphases Is avoidod sinoo
tho ohromium doos not molt during tho welding. Howovor, tho forma-
tion of brittloohromiun+aluminumphases is likely.

!&A!43u - .No notal is conplotoly inqolublo in both iron and
aluminum. Oadmium, howovor, approaohos this bottor than mast
notals and thus will bo considorbd as typical of tliisclaeo. At
1200° F melton cadniun has no solubili~ in ironand vioo versa.
A compound Od#e, howovor, is posslblo in this ~stom. Cadmium
and aluminum aro complotoly insolublo with roepect to each othor
up to 12000 r. Abovo this tomporaturo, the alloys aro conrplotoly
melton but exist as insolublo liqpid phases of a ~orcont cadmi-
gfiorcotit aluminum alloy andpuro oadmiun.. As tho toqoraturo
rises, thoso coxpositlons remain mro or 10ss *o seno until well
abovo the tomporaturo rango of intorost in this welding procoss.
On welding thoso alloys, cadmium and aluminum would both molt but
tho diffusion of aluminum into cadmium till not take plaoo. Melton
aluminun, howovor, will di.ssolvoup to >porcent cadmium This
would aid in assuring a good bond as it would tend to movo tho
cadmiun-alumimm intorfaco a~ from its original position where .
a thin l~or of aluminum orido exists as a diffusion barrier and
a piano of”woehoss. If”tho cadmium pl&to is thin or tho welding
oloctrodc prmmure oxoossivo; tho cadmium ~ bo complotoly US- .
solvod in tho aluminum or bo puahod ~ from tho weld region.
This theroforo vmuld ros~t in tho alloying of Irori and aluminum
d tho production of a brittlo weld. .

.

~orimntal Procoduro

oral aeuects. - Sinooan adequato supply of u 4140 was
not readily availablo.or absolutoly nomssary for
problom, a low carbon, rimming stool was soloctod
tho gonoral prohlon of bonding aluminum to stool.

a study of this
for tho study of
Ae 3Shalf+tard

-. — —. —.. -.
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aluminum
fdeddi

waa to be uaod 8s the fin motalB this material was
aa roprosentativo of aluminum and ite allomh The in-

croaseastreng-tiof tho hdf-haml material “overthe-annealea3S
stockinsures amplo rigidity and rosislanoe to (iofo=tion in .
Sorvico. . ..

..”

Tho introduction of tho thiramotalkas aoconrpli~oaby””
oloctroplating. The use of notal foils instead of oloctroplatirig-
was tries previously (roforomo 1)0 but tho possibility of oxi~os
on two i.ntorfaoosma tho cllffioultyof thin foilproduction ana
handling, coupm)a to plating, -o MO platingnothod soom much
noro praotiCalm

Seam wolaing of the fins to tho chrono molybdenum oylinddrs
is tho ultiw+te goal of Iihtsprocoss. Howevor, mamy va+al)losaro
difficult to control in a somwelding oporatlon and thus spot
welding was soloctod for use in the study of the bonding problcxz.
Ilolaingprossuros, ourronts, and tines were invostigatba for the
various notal plates and plato thicknossos. !Fhooharaoter of tho
rosulthg wolas was investigated by a tensile test and the amount
of fusion in the aluminum aotemindi & a quick section test. “
Thorml conductivity tests have not boon made up to thoprasont
tlmo, but it 5S felt that if the wolahas gooa strength, an in-
tlmato notal contact mzst exist.“ This imtimato contact”woultlthus
Ineuro a gooa thermal bona shoe tho thickness of my ailoy or
third metal which is used to aia bonUng is praotiaally nogligiblo.

. .

Proration of tho stool for oloctroulating.- Steel specinens
of 0.@7-lnoh automobile bo@ etock wore sheared into sectione 4
by 1 inohes. Those spocimms wero then straightonoa in a viso ma
degroased~ boiling in a eaturatoa solution of trisodlumphoephato
for 10 minutes, washing in boiling water, wiping with a clean “towol,
rinsing for 5 minutes in carbon totraohlorido,ancldrying with a
clean towel. Tho specirmns wero further propareaby piokling in
5Ckpercont concontratod hydrochloric aoidfor 1 minute, rinsing in
cola water, drying with a olman towel, flash piddling in 50-percent
concontmtod hydrochloric aoid, rinsing in oola writer,and drying
with a clean towol. Thoso spocinens woro then immeM.ately platcxl.
If tho specinons could not bo plated i.muediatoly,they woro stored
in a aosiccator and flaehpicldoa in 50-pmcont concentrated hydro-
chloric acidprior to glating.

ElectroulatiM teohnhues. - Mothoas for tho production of
strongly adherent deposits of tin, zinc, silver, copper, nlckol,
ohromium, and oadmium woro studied. Theso aro.aoscribt?d in tho
following paragraphs. Various thicknesses of plateson tho stool
woro.made & variation of the plating time.

.-
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(1) Tln Dlat*. - A sodium stannatp bath (refOro&o 3) was
used to tin plato tho steel.. This bath consisted of:
. . . . .. . . . . .,“ ..

Ntq@lo= x 3H## - 75
NaOH -6

- 12
H~Oa ,(3 percent) - 4

J . . . . . . . . . , .“
grams per liter
grams per liter . .
gram por liter . ““
m$llili,tersper l“itor

This bath oporatos.satlsfaotorily.under fib “followingcon&tions: “ .

Bath temporaturo -165° F . ‘.
Anode ourront donsi~ - 25 amperes per squaro foot
Oathodo aurront density- Z5 to p amperes per sq~e foot .

Tho control of tho fwiodoourront density is quito importakt in .
this bath. If the anodo current density is too low, littlo or
no oxygen is producod at tho anodo nnd an approciablo anount of
tin is dissolvod in tho stannous state. Tho prosonco of exoossivo
stannous ions h tho bath producos unsatisf~.ctorydepo~its. The
solution should possoss a light gr~ to light strnw,color. stan-
nous ions rondily turn tho colorof tho bath to a brownish-black.
Tho addition of hydrogon poroxido will inmodiatoly corroct thie
difficulty ~ ofidation of tho stannous tin to tho stannic form.
If inadoquato I@mnldo is in tho solution, tho modoa coat ovor
with oxidoand tho solution is dopletod of stannic ions with tho
resulting 10s0 in plating efficiency. Tho proper hydroxido balanco
is maintained by addition of sodium h@rofido or noeticaoid. Too
high caustic contont will promoto unsatisfactory deposits by cnue-
ing tho stannoue ion contont to rise.

(2) zhlODlat*. - Iho zinc plating bath (roforonco 4) was
of tho alkalino oyanido @po and consistod of:

ZnO - 45 grams per liter
HaON - 74 gramspor liter
l?aOH - 15 grams por liter

Tho bath was oporatc!dunder tho following conditions:

Cathode ourront a~si~ - 15 amperes por square foot
Bath tomperaturo - 1150 r

In alkalino plating eolutions,zino may be found eitheras
sodiumzincate N~Zn08 or tho double qmide Na#n(OM)4. For
best results a mixture of theso two salts is dosirablo. Zim
oxido and sodium oyanido romct as follows:

2Zn0 +4NaCll—$NaaZn~ + N~Zn(ON)4
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Tho plating solution, whioh is a hi@ alkali bath, oontains
1.5’Ntotal oyanide, 1,~ total alkali,and 1.ON zinoand honoe
~ be considered as containing O.75N Ma8Zn(Cl!04, O.25N HaB&OEM
l?uldO*SBfreo Ikd3H.

(3) Silvernlatiqg.- If a steel article is immersed in the
regular plating bath, a loosoly adherent silver plato forms by
replacement. In order to avoid this difficulty, tie eteol must
first be plated for a short time in a striko solution. lhe striko
solution has auoh a low concentration of silver that no plate forms
upon simple immersion. After striking, plating is continuod in the
regular plating bath. (See roforenoos 5~d 6.)

In tho regular plati
Y

bath tho notml contont is f’urnishod
by tho double Oyaniae Kh.gON)=. Exoestafreo oyanide is maintained
and is helpful in increasing conductivity, throwing power, and
oxmae corrosion. Potassium carbonato also incroasos the oon-
duotivity of the solution.

C~bon’disulphido is used in baths as a brightonor and as suoh
only a trao~is requirf3L Nothing much is lmown of tho cotion of
this addition agent except that its use rooults in flnor grainoa
and doneor hposits.

.

The striko solution had tho following corrposition:

Agcl - 1.5 grams per liter
NaCN - 110 grams ~pr liter

It was oporatoa under tho following conditions:”

kthOaO ourront aonaity - 20 ~mperos por square foot
Bath temporaturo - 70° to go” P
Time of plato - 20 Soconaa

Tho plating bath whioh wns used had tho following composition:

Agcl :- 39 ems por lltor
KCN - 70 grams.por liter
KaC03 - 3g grcms por liter
cs~ - 0.9 nilligrampor liter

It was oporntodunaer the following conditions:

Cnthoae ourrent aensity - 6 aupores por sqyare foot
Bath tomporatwo - 700 to go” r



(4) comor Rlatinq. -
was of the alkallno oytide
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The copper plating bath (refermoo 4)
typo ~,oonsistod oft

CUCN - 22.5 gmMWJper liter
Neclf - 34 grams per liter
Na8C03 - 15 gmunaper liter

Tho bath was operatod under the following conditional

cathode current density - 10 emporom per equaro foot
Bath toqmrature , - 950 to 10401?

In tho alkalino coppor baths, tho main constituent is sodium
oqmooyanido NasCU(C@S containing mpper in the cuprous state.
!QIObath previously doscribod contains as aotivo agents 0-2 OWN

Tand 0.65-!lTnCN andhmoo ~ bo conaiderod 0.251TNaaCu(CM s and
0.151T ‘free oyanido.n The addition of sodium carbonato NaBC03
docroaeos tho tondonoy for tho oyanido to deco~ose.

(5) Nickel dating. - Thoalckol plating bath”(roforonco 4)
woe tho ‘singlo salt solution” and consisted of:

!FhiE

lTiS04X ~aO - 105 grams por liter
IIEAC1 15 grams per liter

IIiclax6H@ - 15 grams por liter
H@O= 15 grins per liter

bath was oporatodundor tho following conditions:

Cathodo ourront donsi~ - 15 amporos Sor squrxo foot
Bath tomporaturo - 6so to g5° ~

N - 5.3

Tho NM04 X ~aO providos the niekol ion, ‘HE4C1and
NiCla X 6Ha0 inoreaso tho conduotivi~ of the solution and promoto

modo corrosion~ uhilo tho H#03 acts as a buffer, when tho pH
of the bath rises, sw to 6, deposits are dark and aro likely to
ourl. On tho othor hand, if tho pH dxops, sw to 4, tho deposits
aro bri~t, pitted, and cracke~

(6) chromium nlatt~ . - Tho bath used for chromium plating
(rofmonoo 4) oonsistod of$

Cr03 - 250 gr~ por liter
HBS04 - 2.5 grams per liter
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Tho plating was dono at 125° Y with the fOllOwhg PrCCOdUO:

(1) Reverse plate (spocinQnE ancdic) for 10 seconds with
current donsi~ of 320 amperes per sqmo foot

(2) Elate for 1 minute at 200 amporos per sqxuw foot

(3) Finish plating at 320anporos per square foot

Tho Imprcvoment in plating chromium on stool by making the
epocincns first anodic has boon oglainod in scvoral wap. In
ono explanatio~ Its anodic action is thought to rondor tho steel
surface passive, whilo in another oxpleaation the surface impuri-
ties such as carbon are thought to bo removed by tho oxidizing
action.

Thouso oflo~current density for tho first minuto of plating
was-found to iqrcvo the appearance of tho plate. Paat exporionco
has shown thnt the character of a chromium Plato is dotermincd W
the first mononts of plating.

(7) cadmiumDlatirq.-?l!he
waa of tho alkaline cyanido type

CdO - J2gran8
:Tcclf- 75 m=s

Its oporating conditions woro:

Cathodo current doneitg -
Bath tmperaturo

cadmiumplating bath (rcforonce 4)
and consistod of:

per liter
yer liter

40 amporos por square foot
700 to goo ~

In alknlino plating solutions, cadaiun is found as tho doublo
Cylulido KP.cd(m)3. Bathsusually contmin appreciable nmcunto of
froo cyanido and alkali. catiium oxido and SOdiUElcye.nidoronct
as follows:

CdO +3NaCN +HaOjlTaCd(CN)3 +21TaOE

Cadniun, unlike zinc, does not react with sodium hydroxide.
Tho plating solution previously described contains 0.51Tcadmium
and 1.5U eodium cyanide and hence EUV bo considered containing
0.51:i?aCd(CN)3, 0.751Tfroo I%JCIT,and 0.5rTfroo NaOH.
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Prm aration of the sbl.umimmfr Wolalrlg. - 3Shalf-hard
specimens of 0.040-inoh atook were”ehoared into 1- ~ 3inQh
sootions ~d strai~tened In e vtse without marring the”surface.
As statedbefore, aluminum oxide, owing to its hi~ heat of fo~
tion, is always found to a greater or leas extent on the eurfaoo
of alumtnum. Thie oxide fi~, whioh would oause poor metall~
gimsl bonding oondittone, should be removed. Althou@ this film
cannot bo oonplete~ remve& its thioknesE was greatly reduced by
ohemhil mothode.

In this ohemiml method (roferonoe 7), tho ~ecimens aro
dogmaeed by a 5-mhute treatment in a lgOO 1’cleaning solution
containing 3 ounoos of Qakite aviation oloaner per gellon of wat or.
Aftor rinsing in hot water, a coneietont oxldo film is produced
by a 5-nlnuto treatment in a lgOO 3’treating solution containing
6 ounme of Oakito g4-a c~oanor por ~lon of water. ~is treat-
ing bath contains sodiun-aoid sulfate as an oxide-romving agent
and organic coqounds as wetting agents. Tho effeot of thie bath
in produoing an alumlnun eurfaoo whioh till poesees consistent
contact rot3istanoo6was etudiod.

AU contnot-rosistanoomeasumnmnte woro uade in a hydraulic
proes equipped with kino&radius demo welding oloctrodos, ae
Illustrated in figuro k Promure, wMoh was maintained at 1000
pounds, me memrurod by meane of a calibrated spring. Eoeietnnco
maeurements wore made with a Kelvin double bridge, as illustrated
in figuro 5. It wae found thnt consistent contnot roeletancos of
approximateol.y100 microhme were obtninod betwoon two O.~inoh 3s
helf-hard sheets treated for 5 minutoe with Oaldto @l-a. me
results of theeo tests aro shown in tablo I and figuro 6. It ie
notlcod that contaot rosista,ncofalls during tho first minuto of
troatmont as tho original.oxide lqor is diesolvo~ l!hon,for
sovoral nirmztee,tho oontaot reeietnnoo romaine constant and
finally ri ees again, owing to anothor film forming on tho eurfaco.

SDot WoxalX. - ~o oonoentration of heat at the iron-cluninum
interface Is a major problom in this spot-welding invostigatlon.
A.nothor problem of major bportanoe when spot welding aluminum to
stool Is the qyestlon of eloctmdo indentation. In tho region of
tho molting point, elumlnun ie weak and thus, if flat tipe are
uso~ eovero hdontation occurs on welding. In o~or to oliminato
thie effect and oonoentratetho dovolopmnt of heat in tho alu-
mimm, a &inc&radius demo was used as tho aluminumwelding o1oo-
trodo. In ordor to nhimizo heating of tho etocjl,whiohfor hi~or
carbon and nlloy ateole mi~t result In ob~octionablo hardonhg, a
flat oleotrodo wae used against the steel to roduoo tho ourrent



aonsi~ in tho Stool. OnO Of thO Objootionablo fcaturos of weld-
ing aluminum is tho pickup of aluminum which occurs on tho welding
oloctrcdos. Poriodicnlly, for cxamplo cvory 50 welds, this pickup
mast bo romcvod. Tho uao cf Ho. 240 onory cloth has boon found
to bo thcimat satisfactory nothcdof cleaning tho oloctrcdes.
When tho pickup bocomos scvoro, the oloctrcdcs must bo romachino~

Welding was performed on a Todorcl 17>kilovolt-anporo spot
woldor having a turns ratio of gO:1. Tho prin.a~ vcltagc was
maintained at 350volts, whilo tho nngnitudo and length of current
flow was controlled by a thyratrcn control panel. Primry currants
wcro noasurcd * a pointo-stop amnotoro Eloctrodc prommros woro
adjusted and contrcllod by prossum control of tho air to tho bol-
lCWS of tho welding nnchino.

When a sot of spocinons was woldcd, a rough cvnluation of
tho welding heat was nado by investigating tho smunt of fusion
prcducod in tho aluminum. Aftor dotornining tho rango of currents
to bo used, welds woro nndo at various intormodiato currents and
oaclhcurrent was noasurod by tho pointor-stop nmaotor~ ?A1Oaddi-
tionr.1sinilar sots of welds woro nado, giving throo spocinons
nndo under identical conditions but not in imnodiatc succosaion.
This procosn tends to mininizo tho offoct of a small nmunt of
yickup on tho welding oloctrodo in contnct with tho aluminum andD
nt the samo time, providos throo spocinons for tonsilo testing.

!cOstim of welds. - Tho woldod strips of alunirrummd iron
woro pulled in Tomplin grips on a 60,000-Poti Southwddnory
hydmmilic testing machino ushg tho 5000-pound testing dial. A
testing rato of 0.06 inch por ainuto was used. Vhon tho ultinato
strength was obsorvod, tho lend wns rcloasod and tho chrnctor of
tho failuro notod. Yr.ilurosworo clnssifiod ns ‘ductilo tear,m
“tictilo shcwm n or “brittlo shcnr.” In a ductile-tear failure,
tho weld failed by pulling a plug out of tho aluninun shoot. A
ductilo-shocr failuro occurrod when tho weld intorfe.cofailed but
not until considorablo bonding of tho aluninun shoot had tnkon
place. If the weld scp~atod at tho i.ntorfacowith littlo or no
bonding of tho duninun shoot, tho typo of failuro was tormod
‘brittlo shear.n

Tho oxtont of fhsion we-sthen dotorninod by tho quick soc-
ti.ontest. This test involvos sectioning tho weld with a saw,
filing a smooth surfnco, cnd etching the surfaco from 1 to 3
rdmutos in a solution of l.fiorocnt hydrofluoric acid. This
etching rovcc.lstho cutlino of tho fused aluminum n~~ot as is



shown In figure 7, a photcmacrograph at 12X.
n’UE@t sizo is mado by estimating the pomont
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An evaluation of tho
ponetratlon of tho——

fused roglon into the-aluminum
maggot penetration.

Dlscueelon

eihot, ‘ihhh his boon aOOignatOd m

of Results

WoldlnE v~iabl 0s. - lhoro am fivo variables which must ho
established in this spot-welding investigation: eloctrcdo proe-
suro, welding time, welding current, tho third motd, and tho
thiclmessof tho thtid metal.

GoneralQ, it was found that electrode pressures of ovor 1000
pounds resultea in too mch indentation In the aluminum sheet. On
tho othor hand, electroao prossuroe of loam than 600 pounds gave
very erraticresultsas doteminea by tensile and q@cbsectlon
tests. ~or theso reasons, tho olcctroao pressure was standnrdizoa
at Ilfoopounds.

Since scam welding would bo tho final application of this
investigation, tho shortest satisfactory welding tino would IJOof
tho greatest Intorost. On tho othor hand, vorg short welding
tlmos would have more of a tondoncy to homt the stool abovo its
criticml tOlllpO=tUrOm Thie romlts fron tho fact that a largo
portion of tho heat is developod in tho stool and this bent must
ho conductod to tho aluninum. In ordor to obtain tho sane amount
of fusion in tho aluminum in both n short and long timo weld, ap-
proximately tho samo amount of hemt must bo dovolopoL When this
hciitis dovoloped in a much shorter time, higher tomporaturos will
bo roachoa in tho stool. In ordor to striko a satisfactory balance,
10 cycles wore chosen as tho welding tlmo.

Tho currcmt usoa in tho welding oporation influoncos the
amount of fusion in tho alumiuum shoot. In all cmsos, current
was controlled botwoon two critical values: a current which just
producoa fusion in tho alumlnumand a higher current which pro-
duced 100-percent fusion, in.which tho o,luninumwas fused CO-
ploto~ thr~ from steel to oloctrodo. In tho final application,
as low a current as will prodwe satisfactory woldc should bo -
ployed sinco this will lesson tho danger of heating tho stool
above its critical to~orr.ture and roduco tho dumimm pickup
on tho electrcdos.

Wolaing of aluminumto tin-ulateastool. - In welting of ti~
plntoa steels to aluminum, four tronae wore disclosod:
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(1) !Cinplating dcos not increaso tho strength and ductility
of the Iron+duminum bond.

(2) Only brittlo shear typo failures occur.

(3) When shm.r Wo failures occur, comistont strengths
nro not obtninod.

(4) For a given plato thiclnmss, higher currents and thus
larger nuggets produco @cater strength.

For various tin-plate thiclmossos, tho offoct of current on
the spot sheer strength, ~got ponotrntion, nnd typo of failuro
IS shown in te.hloII cndfiguro g. Tho t~e of fmiluro dosignntod
cm BS indlcatos a I.witiloshoor fo.iluro,nnd DS rmd .DT, whilo
not oncountorod in tho tostirg of ti~pl~.tod spocimons, indicnte
ductilo sho-~ md ductllo tear failures, rospoctivoly.

As tho nugget penotrr.tionincronsod, tho spot shear strength
incroc.sodna indicntod in tho datp.of tr.blo111, for n 0.125-mil
tin-plato thiclmoss. The nvor.agovalues of tho spot shear strength
at 20-~ 40-, 60-, LKLSand ~O@Porcont nugget ponotrmtion woro
obtainod gr,aphical~ from theso datn as illustrated in figuro 9.
This prccoduro, when ropoated for tho vnrious pinto thicknossos,
conpilos tho effect of tin plato thickness on tho shear strength
for various ~ot ponotrationn as shown in tnblo IV emd figuro 10.

Tho strength and ductility of the iron-aluninun bond IWO not
incroasod, owing possibly to the fornntlon of a brittlo conpound.
TWO possibilities of this compound for:~tion nro liko~~. Tho tin
rmd iron ~ form tho co~ound YnS~ which night prcduco this
cffoct. Howovor, sinco littlo difficul~ is oncountcrod in :hot
dipped tin plate, this possibility of brittlonesa is considorod
h~hly UdikO~. Tho socondposslbility is tho form.tion of a
brittlo iro~aluninum compound. This coqxxmd might form at tho
welding tonporaturo if the prossuro forcod tho nclton tin fron
the welding intorfncc or if tho tin woro complotoly cbsorbod in
tho nolton alumi.nnn. Visunl obnormtion of tho ehoar fniluros
?md nicrosccpic oxanimtion of tho weld intorfc.cognvo substantia-
tion to this socoadposslbili~ sinco tin was not ovidont in tho
bond.

I

In nll cases, in tho welding of tin-plated stool to Or,kito-
trcatod duminun, brittlo shau typo fmiluros wore found. This
typo of failuro i~ duo to n combination of low bond shor~ strength
?.tilow ductilitqr. Low ductili~ materials will not yield when



subjoctod to a conmntrnted stress and thus do not allow a
oven distribution of tatross. As a result, tho~o ~torials
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noro
allow

M@ stioesoi and”hi~ stress gradients t; ocour and thus failuro
oooum locally and progroafioaaoross tho load-carrying area, !l?Ma
progroe~ivofailurooffoqtlvolylowersthe load-marryingeapaoity
of tho atresmed mection omd roeults in a ehoar type failure.
Thoso progressive failures do not, in general, producoconsistent
toneilo rmulte.

Hi@er ~mnts proihum grent~r dtrongth for ~ plato thick
noes. !his im@rovoment of strength iE oxplaintxl~ tho Mgor i~
torfaooarea@ a hotterbondingper unit area,tioh results
fron larger-ts formedby higherourronts. A larger nugget
yroduoes hotter unit-area bondirg ehoo a larger pool of no~ton
notnl q remove ~ turbulenoo more of the almhum oxide fron
the plnno of the aluminum intorfaoeo

Woldix of aluminum to zho-q lated steel. - Tho woldiqg
imvostigation of zlno-plated etool to dumigum disclosos the
mm gonoral
allafigs. 11
10ES for tho
fornation of

trends m were noted in tin. (Soo tables V and VI
and 12.] !ChOrelative strength nnd ductility -e
she-plated steels. ~iS h possibly dl10 to tho
uoro brittlo coHPounde in tho iro-zino system.

Yoldiruzof P.lurlimm to SilVOPD htOa stool. - In tho i~
vostigation of tho welding of silvoqlatod stool to Orkit-
troatod alumlnun, it wns found thnt as tho plato thioknoss
inoroasod, tho t~o of failuro bocamo more duotilo. B’lguro13
shows tho general offoct of plato thickness on tho relationship
botwoon atrongth and woldir~ current. Tho heavy drshod lino In
this figuro raprosonts tho npproxinato dividing linobotwoon
dud ilo toer failuro and hot ilo or Wit tlo shear failuro. It
will bo notod that a plato thiclmoas of abovo 0.05 mll producos
a duotilo tear falluro if tho ourront is sufficient to produoo
orilya littlo fusion in tho aluminum Oonsidoring the welds mado
using epooimons WIth thinner silver plates, ductilo to.arfmiluree
in tho alumlnum oaour only if a hi~er ourrent and groator nugget
penetration are employod. This is rovealod by examination of
table VII. !lhooffoct of silver plate thioknoss on tho spot
shear strength for various nugget ponotrations Is shown in figuro
14 and tnble VIII. Higher ourronts, vhioh result in greater
%got Ponotration and heat-affoctod areas, Increase the duo-
till~ of the half-hard aluminum sheet. As a less duotl16
nnterinl does not have the r.bilityto distribute *O stress over
a larger area, high stress grndionts will roeult at the bond
interfaoo. Tho exlstenoo of high stress gradiente ~t the bond

—



interfaoe will, in general, result in lower load-oarrying capacity
and shear me failure. In view of the above, the effeat of weld-
ing current and nugget eize upon the strength and type of failure
ia readily apparent.

Au the thiclmeee of the eilver plate inoreaaeg~a certain
critical thicknees is reaohed, above whloh mnrplete solution of
the silver in the molten aluminum nugget does not ocour during
welding. ~Qure 15, a photamicrograph at 1000X of the weld inter-
faoe, confirms the presence of this thin silver film whioh insures
the absenoe of any brittle iron-aluminum compound formation. Hence,
the resultant weM exhibits a duotile tear failure. !I!heslight
inorease in weld strength as the current rises is undoubtedly due
to the decreased etreee gradients and horeaaed duotillty mused
by the greater weldhg current.

Silver has been found in this investigation to be very satis-
faoto~ as an interface metal between iron sad alumlnum. Silver
plate thiclmesses greater than the critical thicknese produoe con-
sistent teex type failures with a minimum amount of fusion occ~
ring in the aluminum. This resulte in stronger welds and less
aluminum pickup on the welding electrode as less aluminum is
heated to a temperature where recrystallization and alloying with
the copper electrodes can omnr.

Welding of aluminum to Conmm lated eteel. - !Cheresults of
welding of aluminum to coppe~lated steel, shown in tables IX
and Xand figures 16 and 17, were somewhat simtlar to that of
silver. As the plate thicbese inoroased, the typo of failure
beoame more duotile. Microscopic investigation proved that only
the O.O>mil plate was entirely absorbed during the welding. The
thicker copperplates, however, gave a more limited range of dw
tile tear failures and generallyless consistent welds than did
the silver plates. This -be explainedby the formation of the
brittle theta phase (-). Brittle shear and ductile shear
failures consistently occurred at the copper-aluminum interfaoe
In the thicker plates. Ae the plate thiclcnossInoreasee, the
ourrent neceesary for welding inoreases much more rapidly for
copper than for silver, aJthough both metah have like thermal
and eleotrioal conduotivities. Differences in the grain struc-
tures of the plated metal might aocount for this aaomaly.

Weldj.m of aluullnumto niokel-dated steel. - The results
as shown In tablee XI and XII and figuree lg and 19 indicate that
onQr she= type failures are obtained when welding aluminum to
niokel~latod steel. However, the shear type failures become
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more duotile as the qet penetrations inoreaae. undoubtedly lle-
oause of the effeotof theM@er ourrentson the softening of
the aluminum sheet. !lheheavy dashed lties In the.figures indicate
the approximate ditiding line between duotile and brittle ehe-
failures. Microscopicexaminationshowedthat niokelwas only
eliat~ dissolved&.ringweldingevenin the thinnerplat8s.
Visualexaminationof the shear failures indiaated that fraoture
ooourred at the alumhum.n ickel interfaoe. !lMs indioated the
preaenoe of a somewhat brittle alum~idrel phase.

Wel@u @ slumiw to chromiumd.ated 0$eel. - Slt@t SX@-
t3ionof elumimJM from the weld interfaoe was ooneistently observed
when weldingaluminumto ohromiuwplatedsteel. Ws expulsionis
due to the largeamountof heat proau,oedby the abnormal~ high
oontact resistance of ohromium.

The results of the welding of alumimm to chromium-plated
steel are shown in tables XIII and XIV and figures 20 and 21.
Shear typo failures resulted in all oases, but as the plate thick+
ness increased and as the nugget penetration inoreased, the failures
beoame more &otile. Chromium was not qpreaiably dissolved during
welding and.failures ocouzred at the alumi~chromium interfaoe.
indioating the formation of a somewhat brittle aluminuwchromium
cO~_ao

Wel~ of alumiMUM to iX@llimD lated steel. - with respect
to the tensile etrength and oharacter of fraoture, oadmium plates
appearbetterthan tin and zinc plates but not EIOsatisfactory as
silver and mpper plates. The strengthand fraoture characteristics
are given in table XV, while figure 22 shows the ourrent-strength
relationships. Table XVI and figure 23 show the effeot of plate
thidsness on shear strengthfor variousnugget penetrations. If
the oadmium Interfaoe had remained in plaue, the W81as tia have
possessed properties similar to the welds made with a silver inte
faoe. However, oting to the low melting point of mdmium and the
w~ding pressure use& it was found that the molten cadmium was
ejected from the wda Interfaoe and some direct alloying of iron
and aluminum omurred. This, of course, would result in the pro-
duction of a more brittle w81L

Conclusionsof Part I - Bondingof Aluminumto Steel

1. A thirdmetal.is necessary to effeata sattefaotorybond
between aluminum and steel, since no satlefaotorgmethod of joi~
lng these two metals has been found.
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2. Electroplating of the third
moat Batiafaotoxy method of applying

metal to the eteel ifl
the interfaoe metal.

the

3@
welding
for the

b.
brittle

5=

l?hesurfaoe treatment of aluminum in preparation for
must receive the same careful attontion aO is required
spot welding of the tatruoturalaluminum alloys.

Tin and zinc tien used as the third metal produce only
welds.

Miokel, ohromkm, ati cadmium have only a vfu’ylimited
rango of moderately eatisfaotozy welding condltions.

6. Coppor is moro aatimfactory than the metala previously
mentioned but requires v- high currents for welding. lfxrther-
more, the contalsto~ of etrength and the rmge of plating thlc&
noss and weldlng ourrent in which duotile welds can ho produced is
llmitod,

79 Silver is the most satisfactov third metal to accomplish
the bonding of aluminum to steel.
c= be produced ovor a wtde rcmge
thioknese.

II. WELDING 01’ALUMINUM

High strength, duotilo welds
of welding ourrent cmdplathg

To SAE 4140S!I?EEG

Introduction

Tho problem of spat wel~ing aluminum to steel was solvodby
silver plating tho steel. This section of the report considered
the further prmbloms incident to tho hardening of the WE 4140
steel aa a result of woldi~, and the aotual seam welding of alu-
minum fins to ME 4140 oylinder barrels~

Metallurgical and Welding Considerations

At theprwmnt time, airplane ~lindors am made of W 4140
steel which has been heat-treated to a hardness of about 320 Vickors
(Ilocbell G35). l!hia hardnetascorresponds to a heat troatmont of
oil quenohing followed by a 1250° Y draw and thus this stool can
bo considered to bo relative- soft and to@h. If this steel were
to be woldedby ordinary welding processes - that is, ~ fusion or
presmre-plastic processes - the steel wouldbe raised above its
critical temperature (A.e~1445° Y; Ael-13650 E’) and the resulting
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cooling rato titer welding would produoe a weld m@enOitio in
oharaoter. While this mi~t not be too detrimental in many appli-
catlonewhere temperingtreatment can.beappliedsIt is hi&y
Unded.rableunder the eemioo oondltionsexistingin an aiz@xne
wlinder wherefatigure- impaotetreeseeare MJselyto bo very
hi@ amd the drawingoprations after welding likely to be diffi- “
oult. It la therefore obvious that a hi- epeoialiised method of
joining must be utlllzed.

It ie readily apparent that If this silyer+latedsteeloould
be joined to the alumtium at a temperaturewell belowthe critical
temperature, that ie, 1365°P, the &qger of the martensitiofoe
tionwouldnevem ooourB ae auetanite would not be forme~ Ae pure
aluminum molte at lZM E and a 5-percent eilicon alloy at a tenw
poratum of approxlmato~ 1150°IT,thereexiste thepoeaibili~ of
a metallurgicalbond beingformedwithoutaotuallyheatingthe
eteelto its orlticaltemperature. .

In the inwesti@tion of the”bonding of aluminum to eteol, the
matoriale were.of like thickmeeta,O.O@inoh 3S half=hard aluminum
being welded to plated 0.037-inoh rimming eteol. Becauee of vei~t
coneiderationes the proposed aluminum fin thiolmess ie 0.030 lnohB
wMlo the desigu thickness of the SLE 4140 oylinder barrelavail-
ablo for uso in thie investigationfrom a prevloue investigation
for Pratt & Whitnqy Aircraft, was 0.090 Inoh. Sinoe the resistiv-
i~ of etoel 10 greater than that of aluminum, as the ratio of
stool thickness to total thickmeae Imreasee, tho ratio of stool
reeletance to total reelstanoe lnort3a0e8rapidly. ThiEI will cautao
a major portion of the heat to be developed in
vaetly incroaee tho poeeibility of heating the
critloal temperature during welding.

*erimentel Proceduro

tho steel, and thm
steel abovo Itta

eral aenecte~ - Won tho~ Eeam welding of aluminum fins
to ohrome molybdenum oylindere wae the goal, epot weldi@ wae .
eelootod for the study of the mmtonsitie formation in the M
~~. This decieion was mado In order to ellminato ae mmy var-
iablotaae poeeiblo. When the solutionto thisprobla wae found,
It would be a natural step to apply it to the e~welding oper~
tion.

tlon of tha Steelfor loctrcmlt- - In olewmhg
U 4140 steelbeforeplating,it &e dlsco%rod-thatthe eurfaoe
obtainedby pioldl.ingwith theusualcommercialpities wae

—.. —
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uneatlsfaoto~ fahoo well adhomnt silvm plateswero not oW3ino&
Twu solutionsto thisproblemwere discovered. In one.method,the
steel was vapor degreasedwith triohloroethglene and then oloctrol@-
ically polished and otohed by moans of tho follo%lng bath;

portiorio aoid (sp. gr. 1.61 65 percent) - lgs Oubic”oentimotors
Aoetic anhydride - 765 cubic contimoters
Water - 50 cubic centimeters
Aluminum - 0.5 percent

This bath was oporated.under the following conditions:

T~oraturo -7’00 to goo ~

Anodo ourront deneity - 45 mpores per square foot .
Timo of treatment -5 minutes . .

This electrolytic polishing and etching was followed by water “
rinsing and immediate plating. In tho other method, which gave
equally satisfaoto~ results, the surface was mechanically cleaned
with omo~ papers down to grit Ho. 0, vapor degroasod with tri-
chloroothylono,wiped clean, again vapor dogreased, and fhal~”
plated.

In commercial production, cleaning of the steel would bo no
problem, shoe well adherent silver plates c= be deposited on
freshly naohined, grease-froo eurfaoos.

Silver was plated on the SAE 4140 steel as described in part
I of this report. Tho boat results in the welding of aluminum to
silver-plated rimming stool were obtainod by using oithor 0,25- or
0.50-mil plato thickness. The 0.25-mil silver plate thickO~ssswax
chosen instead of 0.50-mil, sinoo it was ohoapor andqulcko= to
apply.

Preuaratiox of the cluminum fo~ weldlng. - During the funda-
mmtal investigation of the bonding of aluminum to steel, now baths
wore being disooverod for tho rcmwval Df tho
surfaoo of aluminum prior to welding.

Two sux’facetreatments dovolopedby the
Roscaroh at Rensselaer Polytechnic Institute

oxido film from the

Aircraft .SpotWelding”
woro used:

Solution 5 (reference g), whioh required ~dnutos treating
time at lgOO ~ consistod ofl

~so~(sp. gr. 1.g4, g~ H#o~) - 10 cubic contimetors per liter
(aotive agent)

Ihoconal NR 2 grtMM por liter (wetting agent)
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Solution14 (reference9), whioh required 6-minutof3troatlng
timo at room teqorature, oon0it3tod.of:

., .. ... .... .

%Sme (27 to 30 peroent) -3.0 peroent ~ volumo or 1.1S percent
by wol@t

W+oconalm . - 0.1 p~rcent

With both of those solutions, oonsistont low oontaot retaisb
anoes from 2 to 5 mimxhms were obtaino~ Prior to eurfaoo trea+
ment~ the aluminum was vapor degreaeod with triohloroothylonoO
wipedolean,and again-or d~~ased. Tho romilta of a t@.oal
contaot reeistanoo run with solution 5 aro shown in table XVII and
figure 24, ~r tho130resiet=oo measurements 0.030-inoh ~ootions
of Alcoa NO. 1 Brazing sheet wero used, whioh consistod of 3S half-
-d composition clad on one eurfaee with a 7-peroent thkkness of
a 5-percent silioon alloy, Sinoo thoso solutions gave very low
contact roaistarmes ovor a wider range of treating timog th~ wero
used in preforenoe to Oakito Eikat used for the cwlier work,

~Qj uroc dur~e . - In order to avoid ~doning
and even romelthg of the SAlll4140 steel during welding, sovoral
~roceduros woro investigated,whioh aro described in the following
pmagraphs ,

(1) ?3s0of lo~er weldlnE timeQ. - The first procedure in-
vestigated was tho use of longer welding times, shoe it was
thought that tho lower tomporatum gradients whioh rmzult from
this method would lesson tho possibility of heating the steel
above its critioal transformation tomporatureo

(2) Ye f nrohoati meth eati= . - If thO stool -O
preheated in”~e rango o 0° to ~50° F, and maintalnod at tom
perature during the welding operation ~ shortly theroaftor, the
portions of tho steelwhiohhad become austonitic during woldimg
could only transform to bainito upon cooling. According to tho
S curvo for ME 4140, figure 25, the bainite formod ~ isothornal

1!t=sformation in the tomperaturo rango from 50° to 750° If, WOtia
hexe a Rockwell C hardness from ~ to ~ and would be tough. This
conqmres favorably with the original Wdneas of the oylinder bar-
rel, Xoclmell &35g and is far superior to the brittle marten~itic
zones of Eockwoll G60 ~dness. Tho S ourve indioates tit a
holding time from 150 to 250 seconds is necessary for cozrpleto
tzmzmformation.

To test this procoduro, silver@atod SAE 4140 stool mpeci-
mens were preheated to 70(F ~ and rapidly woldod to aluminum, after
whioh tho welds were inmediatolypostheated at 70~ F for 3 minutes.

— — — . . —.
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(3) Use of a lower neltb? DOilltaluminun alloy.- If a
lowermoltlngpoint alumlnumalloywere weldedto the silvo-
platedsteelsobviouslylowertemperaturewouldbo attaimd in
the steelduringthe process. A lowering of 50° to 1000 ~ in
tho nf3ces0arylxmding tcmperaturo mi@t eliminate martensito fop
tion In the steel. The fine could ’befahrioated.entirely from aa
aluminunhrazing alloy or from 3S half-hard alumimm clad with tho
brazing alloy. The latter is preferable for a fin material on tho
basis of its higher thernd conduotivi~.

TO teet the effect of a lowor nelting point aluminum alloy,
0.030-inoh epecimen8 of Alcoa Eo. 1 Brazingaheot (3S half-hard
clad on one side with a 7-percent cladding of a 5-percent silicon
alloy) wero woldod to silver-plated0.090-inoh SAX 4140.

(4) Uee of a stattiesseteel InSort. - In order to eupply
moro hoat to the aluminum and develop less heat in tho steels an
lg”Cr t!Ni stainless steel insert mi~t reutilized as illustrated
in figure 26. Since austonitic stainless eteel has a higher elee
trlcal resistivity than plain carbon or W 4140 alloy eteel, pae-
sage of ourrent during welting would heat up the stainless steel
insert and supply extra heat for the fusion of the 4uminum. !Cho
difficul* of seouring proper fusion at the aluni~silvor into-
faco is largely duo to tho rupid heat extraction from the hi@
eonductivi~ aluminun throu# the comer electrode. Mot only would
the low the- conductive@ stainless steel ineert prevent this
hoat extraction, but, in addition, it would tend to eupply heat by
conviction to the aluninum, assietlng in proper fusion of aluminuii
at the silver interface. ~ assisting in supplying propor heat
for tho fusion of aluminum, an insert of proper thicknass night
bo expected to produoe the necessary heat by a current of such a
value that propQr bonding of the aluminum could be obtained -d
nartensitic formations avoidedin the steel.

Disouesion of Results

Avoidanceof martensitic formatlons In ~ 4140. - In tho
spot welding of 0.030-inoh aluminum to milve~plated MM 4140
eteolr martensitlc formations and even remelting wore found in tho
steel. A small ~tensitic zono is illustrated in figure 27 in a
photomacrograph at 12X. The indentations romlted from a Vickors
hardness survey, which is also shown in fl

Y
e 27, indicating a

maximumhardneesof VPN 700 (Rookwdl 0-60 .
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!Jhe ueo of longerweldingtlmeediflnot SOIVOthe problemof
the avoidanoeof martensiticformations. It waa found that won
with welding times-as“longas .25oyoles,masbeneite-was.obtained
almostto the sameextentas with 5 oyole welds. Even thou@ the
use of longer welding t ties resulted in shallow. temperature gra-
dlenta, largo portions of the oteolwere stillbeingheatedabove
the oritiml teqerature and thashcudened. tith-e~ longer
weldlngtimoome objectionablesinoetheyare loss adaptableto
a- Weldtng#

When wel~swero made withpreheatingand posthoatingat 7000F,
an indioatedby tho S ourve,theheat affectedzonesof the M
4140 consistedof a baidtic atro,oturewith a RocWS1l O hardness
of 47.5 (m 505). Althou@ thts pmoeiiuro avoids the formation
of martensite,it is ob~ectionablofrom the standpointof easy fab-
rication. Althou@ 6ilvoqlated surfaoesaro not affootedat .
thesetoqeraturoa,tho formationof oxidos on tho aluminum ~
faoos ~e detrimental to coneistent welding.

The uso of a lowor melting point aluminum all~ loworod the
moose

3
bonding tonrporatureand thoro~ lossonod tho heating of

tho U 1~ stool abovo tho critical tomporaturo. As is shown
in tableXVIII, at the maximm ourront whioh just avoided martone-
ito In tho W 4140, tho welds made ~ uso of the brazing clad
material aro far sqmrior to that mado by uso of unolad 3S half-
heml. However,this proceduro cannot bo considorod tho solution
to tho pro%lomo sinoe the naxlmum weld properties could not bo
attained without forming martonsito in tho stool.

Under propor conditions, tho use of a stainless stool insert,
to supply extra hoat for tho fusion of tho aluminum, rosul.todin
the avoidanoo of nartonsitic formations in tho ME 4140 stool.
The corroot woldlng conditions roeultod when a propor bslanco was
obtainedbetweentwo variables;tho thioknoss.of tho stainless
steelinsert,and tho weldingtime. !l?hreethicknessesof stalnloss
steelwore ezsmlnod: 0.006,0.011,w 0.023inoh:WM1O foux
weldingtimes were investi~todt 3, 5, 10, and 23 oyoles. The
resultsof these tests aro shown in tablo XIX. Booausoshort
weldingtimes rapidly dov~lop a large amunt of heat in the stai-
loss steel, objectionable alloying aotion was noted at tho eluui~
stainless stool intorfaoe. With long welding tines, tho tondenoy
for martensito to form in tho M 4140 booame evident. The long
welding time allowed tho heat &volopo& in the stainless steel to
flow thro~, the aluminum and add to that developed in the U
41&0. Since tho minimum bonding temperature of the aluminum-silver
intorfaoo is somewlx3tabovo1220°~, the moltingpointof alumimnh
thepossibility of martensitio formation is greatly inoreased.
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With tho 0.006-inch stainlesssteelinsert,not qnlte~cugh heat
was developedat the aluminmsilvor Interfacefor proper bonding.
Hcwevor,-this was not the came with the thicker.insertta,and.the
0.02>inch etainlees insert devel.qod IBOmnh heat tzt alumi~
dainleae eteol allcylng occurred. l?hobest conditions, *ich
avoid both -teneitic formations in the steel, and alloying of
of alumixuuawiti tho stainless steel, were found with %WCIO
wtis using an 0.Oil-inch etainlees ateel ineert. o

The seam weldimz of firmto the SUE 4140mliriderbarrol~
In order to show that the resultsobtainedfron tho investigat~o;s
prcviouely described.in this report could be applioa to an actual .
bonding of aluminum fins to an M 4140 c@indor barrel,cm oxpor-
imental arrangement was prepared to make these weldsto a.cylinder
barrel in a sAn-welding machine. The laboratory waa fortunato in
hawing in its pcseemion a cylinder Barrel and a numberof fins
which had been supplied”by the Pratt & Whitney Aircraft Ocrpora-
tion for some prwi.uw experiments in this field. Individualfins
made from the No. 1 Brazingsheethad been xed out and formed
to fit over the machinedcylinderbarrel, with the brazing alloy
surface in contact with tie cylinder barrol~

“ Tho results of the investigation for the avoidanco of e
tcnsitic formntiona in the SAX ~lko steel were applied to Beam
welding. ~or this opedation, which was carried cut on a Fodoral
17HSi10V01*qere e~lding machine, it was @tided to.weld
brazing clad 3S half-hard fins to the barrels aqlcy~ng a stai~
lees eteel inSert, as shown in figure 2go The 0,011-inch stain- “
less eteel insert had to be bent on an angle to avoid accidental
current flow from the side of the welding electrode to.the adjacent

. portion of the fin. When this accidental short-circuiti~ sccu ~“~:1
so much current was diverted that unsatisfactory welds were obtained.

Propor conditions woro determined for this seam-welding oper*””
tion. It was found that satiafa,cto~ overlapping spot welds could
bo tie at a whool spood of gO inches per minute using a eoam ,
welding sequence of 5 cycleson, 2 cgrclesoff, thevalue of sec-
ondarycurrentbeing g600aqores for an electrodepressureof
S00 pounds. The olactrodesconsietodof a &inch diameterwheel
ovor which tho barrelfitted and a 9-inch diameter soawwolding
wheel with l/6-inch width of contact. To external water spre~ was
used.

Difficul@ was oxporloncod with mochanioal alincment of the .

aluminum fin and tho stainless stool insert. proper jQ@ng would
ovoroome this difficulty far commercial adaptation. Poseibly a
capper alloy e~wolting wheel with a.stainless steel tire mi~t
be substituted for the insert.



In figure ~, photogr~s of a seam-welflod~lhder barrel
are exhibited. This oylinderbarrelis beingforwardedin a
septiate‘dnblosurewith this report to ths-UAU; .It is hopod
that a thermal effioienqy test and suoh other tests as may bo
donired by tha EACA Powur Plants Oommlttee my be made on this
OylinderIx3rrel.A probable orltioism of the welded oylinder be
rel is tit the fins are not sufficient doso together for maxi-
mum effichnqy. .With the fins.and facilities avallabld for this
invoetigatton closer spaoings were not foasiblo. In a oomnoroid
application of thie method, oloeer spaoing could ho aohieved. In
a comneroid installation it mi~t also be proferable to use the
fin material in the form of a contimous length wound spirally
- welded without interruption.

Sumuary and Conoluelons of Part II “

Welding of Aluminum to S&E 4140

llm following paragraphs summarizo the
the moond part of thie inveatigation.

Stocl

aocompliehnents of

1. The avoidanoo of martonsitie formations in the oylinder
barrel stool waeInocompliehed by use of a sufficiently low weld-
ing current to avoid the devolopnent of too much heat in tho stool.
This wae mado possible ~ supplying a part of tho heat for the
fusion of the aluminum by neans of a high resistanoo ineort batweon
the eloctrodo and the alumimm surface.

2. A weldingmaohlnewas ndaptod and used in welding alu-
minun fIns to a cylinder barrel. This mskos possible a study of
the cooling officimoy of such a combinatio~ althou@ the avail-
able fins wero not properly designed to pernit as C1Oso a spacing
as might be desired.

WLWZLTSIO?ISB’CXC_!ll’E EEI?~T

1. Silveris tho most eatiefaotozymetal for oloctroplating
steel oylindar barrels to permit the bonding of aluminum fins.
!Cheoptimum plating thlokness is 0.25 roil.

2. Oarefulattentionto the silvo~lating tedani~e, as
outllnedin thisreport,mustbo givenslnoothe strengthand
Permemenoeof the bond dependsto a largoextentupon theperfe-
tion of the bond seourod&ring the plating uperation~

.—.
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3. The bonding of alumhun to S&E h140 steelnqr bo aoco~
pliehedbelow the oritioaltempem3turefor this steel. Thus,
objectionablerehardeningduringweldingis avoided, An o.o11-
inoh stainlesseiteelstrip between the electrodeEUMIthe aluminum

“ providesm properheat bahmoe.

4. A ~e~olding maohine can be ueed for automtionllg
bonding a flanged continuous aluminum strip to a silver-plated
steel oylinder barrel duzing the winding of thie strip in tho form
of a close spiral over the surface of the cylinder.

Welding Lmbornto~,
Rmuaselaor Polytoohnic Institute,

Troy, H. Y., Qgllst 1943.
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TABLEI

QontaotRaslEitanoOMeaaurement9

stock - 0.040W 39 hdf hard

Treatment - Oaklte 84a, 6 oz. / gal. 180°F.

mm of
Treatment
141nuten

o

2

3

4

5

6

10

4flradluadonetip%

100018s.presmzre

Contact Average
Reelotmoo contact
Mea6urem9nts Reslstanoe

Miorohms Mcrohms

over 1000 over 1000 ‘

95,99,103 99

Erfeot
on

98,10?,101 102

108,96,98 101

106,98,102 102

109,100, 110 106

160,146,154 153

TABLEIV

of Tlnplate Thickness
Spot ShearStrength

for VariousNuggetPenetrations

.Ooo

20 170

@ 290

m S’?6

60 430

lco m

.025 .060 .125 ●2m .500

160 115 90 126 175

250 216 160 215 276

325 300 270 306 3?6

400 686 3S0 390 460

460 466 430 4%’6 640

TABLEII

EFFEGTOF TINON TREWELDINGOFALUMINUMTO6TBEL

Welding
Uurrent
&!Q22%!

15,2&l
15,700
16,100
16.600

15,600
16,300
16,700
16,900

16,000
16,3Q0
16,600
16,600

15,800
16,200
16,6(X)
17,000

Nugget
Pe;etratlan Amra e SpotShearStrengthinPounds

er~ ~J&$’ollowing PlateTh@kn—, esees~~ ~~t~
16:600
17,000

16,000
16,400
16,600
17,200

SpotShear Nugget
Stre th
PO.%

Typeof Penetration
Fallurg Peraent

Aluminumdlreotly to Steel

TlnPlateThlckneec+O.025mll

150 Es
240 BS
3&j Es
410 Bs

TinPlatel’hloknes&.O.05mil

120
140 ::
430 ES
460 BS

TinPlateThlokne8a-O.126mll

70 B$l
BS

2% BS
360 ES

TinPlateThiokness-O.26mll

BS
&’ BS
220 BS
430 BS

TinPlateThicknees-O.60❑il

1%
340
490

Note: Allvaluesrepresentaverageof S
apeolmenn

,%

%/

10
15
64)
60

15
20

z

*
N
.

b
o



TABLEV
III

z

z
on Spot Shear Strengthfor EFFEOTOF ZINCON THE WELDINGOF ALUMINUNTO STEEL D

TABLE

NuggetPenetrationEffectof

Aluminumweldedto Tin Plated 9teel
N~et
Peyptio

o ent
0.125 mil Tin Plate Thickness

AP!QQMR

blumlnumtlirectlyto f3teel

SpotSheer
Strength
Poundt3-

15;200
15,700

310 BB
340 BS
440 BS
470 BS

Nugget
Penetration

40
50
80
75

Peraent

2

10

10

15

30

30

40

60

70

00

90

06

16;100
16,600

20

40

110

80

70

160

180

310

250

400

460

ZlnoPlate Thickness-O.05mil

430 BS
430 BE
470 BS
430 BS

16f500
16,800
17,100
17,400

75
80
80
75

Z5no P18tA Thicknes6-O.125mil

Slo BS
370 BS
420

;:

16,600
17,000
17,200
17,400

ZlnoPlateThioknea6-O.25m$.1

170 B9
230
190 %
320 BS

17,200
17,EQo
17,800
18,000

1

E
30

ZlnoPlateThMcnee6-O.50mil

390 BS
400 BS

x400

18,tY)O
19,000
19,300
19,400

LN



!cJiBLEVI

Effeotof ZlnoPlateThiokne8e
on Spot ShearStrength

for VariousNuggetPenetration

?hlggd
Pen#ration AverageSpotShearStrengthin Pounds

roent ~~ ~ollowingPlate Thioknesse%~ ~

.Ooo .060 .125 .250 .500

20 170 260 285 295 306

40 290 345 350 355

m S76 396 396 400 400

# 430 436 440 440 440

100 470 4?0 4m 4m
TABLEVIII

Effeotof SilverPlateThlokneaa
on SpotShearStrength

forVarlou8NuggetPenetratlona

liugget
Penetration Average Spot Shear StrengthIn PoundEI
Peroent ~ ~ follo~ngW’lhl~knesges lQW

SW .060 .125 .250 .500

20 lm 450 465 460 536

40 290 500 600 53s 655

60 3?6 626 525 sm 580

80 430 650 545 580 595

100 460 550 655 590 600

TABIEVII

EFFliMTOF SILVERON THE WELDINGOF ALUNINUMTO QTEEL

w&elf

LM!!LMM

15,200
15,700
16,100
16,600

16,000
16,400
16,700
1’7,100

16~SCY3
17,000
17,500
1EJ,1OO

16,800
17,400
1?,800
18,300

18#00
18,900
19,400
19,800

SpotShear Nug@t
S~uig:h Penetration

Bi3& Peroent

Aluminumdiredly to Steel ~

310 BS
340 B8

B9
470 BS

Silver PlateTh50knesa-O.05mll

360 BS
490 DS
540 DT
550 DT

SilverPlate Thickness-O.125❑il

620
520 2
530
540 z

SilverPlate Thickness-O.250mil

470
490 %
530 DT
570 DT

SilverPlate Thlckne6s-O.5mll

570 DT
570 DT
5s0
590 %

z

z
D

+
m
u

m
(n

m.
4
.
al

w
w
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EFFEOTOF 00PPENON THE

TABLE IX TABLEx

wy~

15;200
15,700
16,100
16,600

16;900
17,200
17,W0
18,300

18;000
18,600
18,800
19,200

19;200
M,90&

21:400

21,400
e2,300
;:,2Q&
#

%55

z

z
WELDINGOF ALUMINUMTO STEEL EPFEOTOF NICKELON TNE WELDINGOF ALUMINUMTO STEEL >

Nugget Ueldi
Penetration TCurren

= per~ent ~

Ahminum direotlyto Steel

Slo Bs 40
340 BS 50

BS
470 BS R

OopperPlateThlokness-O.050mll

230 BS 25
240 BS 40
290

:: 9%

CopperplateThlokneas-O.125❑il

1s0 ES 30
BS

320 BS %
DT 80

CopperplateThioknese-O.250nil

16,200
16,700
16,100
16,600

14,900
16,300
16,700
16,100

14;Soo
16,000
15,100
15,400

@perPlate Thioknees-O.50mll
16,000

450 BS 20 16,400
D9 15,m

640 DT %
670

16,000
DT 50

Aluminumdlrectlzto Steel

310 B9 m
340 B9 60
440 BS
470 BS :

NlokelPlateTMoknees-O.050mil

NiokelPlateThlokneae-O.126mil 0.

S20
360
430

NiokelPlateThiokness-O.250■il’

210 S6
Kto :: 48

BS
490 DS z

lllokelPlateThloknesa-O.50mil



TABLEX

Effeotof Copper PlateThiokneas
on SpotShearStrength

?orVariousNuggetPenetration

TABLEXIII
z

EFFEt7TOF CNRONIUNON THE WELDINGOF ALUMINUMTO STEEL K

Wlm:g

A%wmR

15;200
15,700
16,100
16,600

18,600
19,300
20,000
20,Wo

18,600
19~300
19,900
20,700

18,600
19;300
19,900
20,600

18,400
19,(%)0
19,800
20,400

Nugget
Penetration

cent
Average Spot Shear Strength in Poun&e

X2z$m mA2m318ELml’ —lwuwwu Allim

.000 .050 .126 .250 .500
AluminumUrectly to eteel

310 BS
340 Es

B3
:% BS

40
50

E170 160 190 290 45020

40

m

80

100

290 276 300 490 550

ChromiumPlate ThMknees-O.050 mil375 360 380 540 575
1

430 430 440 576 580
-
m
fn

460 475 460 590 690
TABLEXII

Effectof NiokelPlate Thickneee
on Spot Shear Strength

for Varloue NuggetPenetratl.one

OhromiumPlateThiokne8s-O.126mll

350
360 ;:
450 B9
420 DS

4?
?0
70

(N

Nugget
Pe~ne:$on AverageSpot Shear Strength in pOUndB

m= followingPlate Tnlcknesses~~

.Ooo .050 .125 .260 .500

ChroraiumPlateThiokness-O.250mil

370 Bs
Bs

460 B3
4?0 DS

40
46
70
80243

40

60

80

Z70 120 120 120 220

290 240 240 240 240

3?6 365 365 365 3dl

430 476 475 470 470

470 530 524) 530 530

ChromiumPlateThiokness-O.50mil

430 BS
470 D9
470

;:

36
40
40
60100



TABLE

Effeetof Chromium
on Spot Shear

for VariouuNugget

Nugget
Pen#ration

roent

20

XIv

Plate Thickneaa

TABLEXV

EFFEOTOFCADMIUNONTHE WELDIK$OF AUJNINUNTO STEEL

?
ot Shear Nugget

S rength Type of Penetration
~a8 lw!4ZS_wQZD$_

Strength
Penetrations

wee:%

&iRQEM!
A~erageSpotShear StrengthInPounds

W.QE QUO wing Plate ThickneseWAB !!Ks

.000 .060 .125 . .250 .500
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Figs. 7,15

,, ,....,.. ., ..!. .,

Figure 7.- Photom&crograph of aluminum welded to steel.
Etched with 1.5 percent HF. Black area in

aluminum sheet is the fused zone or weld nugget.lz x

Figure 15.- Photomicrograph of weld interface. Aluminum
welded to 0.25 mil silver plated steel. 1000X

polished, unetched.
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